Heavy metal pollution has been on the rise with serious implications for the wellbeing of aquatic ecosystems. Benthic sediments and freshwater mollusk (snail): Mellanoides tuberculata were sampled from five stations for determination of heavy metals concentrations and measurement of antioxidant enzyme activities. The spatial variation was studied using an enrichment factor, potential ecological risk index, and mean probable effect limit quotient (mPELq). From the results, Cu, Zn, Cd, Cr, Pb, Ni, and Co contamination levels were high at stations S3, S4, and S5 with an mPEL quotient of 94.40%. The variation of metal concentration and Enrichment factor were in the order S5 > S3 > S4 > S2 > S1, which was attributed to anthropogenic influences at the catchment due to industrial activities and atmospheric deposition of metals. Station five in this study is downstream and requires the most monitoring and management to prevent several ecological risks of metal pollutants in River Kaduna.
Introduction
Aquatic ecosystems are a very important ecosystem due to their ability to provide goods, services, and other ecological functions such as water supply, irrigation farming, fishing, and preservation of biodiversity [1, 2] . But due to growth in industrial development close to most aquatic ecosystems like rivers worldwide, the exposure of these important ecosystems to environmental pollutants like heavy metals is on the increase. Their negative consequences include but are not limited to toxicity, persistence, bioaccumulation, and bio-magnification in food chains [1, 3, 4] .
In recent times, attention has been drawn to heavy metal pollution as one of the most serious and potential threats to natural aquatic ecosystems and human health [3, 5] . This has led to an increase in studies on heavy metal pollution of aquatic environments to track and monitor their ecological impacts on natural ecosystems [1, 5, 6] . The sources of the different heavy metals that are either natural or anthropogenic do not change their high affinity to the benthic sediment of an aquatic ecosystem, and their bioaccumulation into aquatic organisms like the freshwater mollusk [7] .
Heavy metals with resilience and high toxicity have the potential to bio-accumulate in organisms and become magnified in the trophic levels, threatening the health status of aquatic organisms, and even human populations, depending on the ecosystem resources [8, 9] . The presence of concentrations of these metals in aquatic organisms forms the basis for bio-monitoring of these metals [9] . Medical conditions such as poor fetal development, procreation failure, and immunodeficiency are some of the various outcomes of toxic effects as a result of exposure to metals in aquatic environments [9, 10] .
Environmental stress caused by heavy metal pollution is reflected in the production of reactive oxygen species and antioxidant enzyme activities in aquatic organisms [11] . High activities of antioxidants imply increase reactive oxygen species (ROS) as a result of metal pollution effects in the environment, and the residing organisms [12] . This can lead to an imbalance between ROS and antioxidants, and then cause oxidative stress [11, 12] .
Reports from findings in recent studies have increased our understanding of heavy metal pollution through a clear definition of the spatial distribution of contaminants, and their pollution levels. This involves the process of identifying ecological risks, factors affecting ecological risk, and dominant sources of pollutants [2, [13] [14] [15] . The methods for comparison and conclusion include sediment quality guidelines (SQGs) and the potential ecological risk index (Er), which is used for ecological risk assessments of pollution in an aquatic ecosystem [2] .
Nigeria is a country with an immense area of freshwater ecosystems that have experienced common anthropogenic activities and industrialization at the catchment due to rapid growth in population. One of the results of these anthropogenic activities was the contamination of Nigerian freshwater ecosystems with heavy metals from untreated households and industrial effluents [15] . The increase in human activities on the catchment of River Kaduna like other freshwater ecosystems in Nigeria threatens the functionality and increases the ecological risk for these ecosystems [16] . In particular, the rapid growth in industrial activities on the catchment has increased the chances for entry of toxic heavy metals into the freshwater ecosystem with the potential to cause ecological damages [17] .
In this study, metallic concentrations across locations, pollution indices, and antioxidant enzymes activities were presented, to fulfill our objective of evaluating the spatial variation of metallic contamination and its ecological risk in sediment and freshwater mollusk (snail): Melanoides tuberculata sampled from River Kaduna.
Materials and Methods

Study Area
Kaduna state (Lat. 10.52 • N, Long 7.44 • E) is located in Northern Nigeria as one of the most developed industrial cities ( Figure 1 ). Notable industries sited in Kaduna state include the textile industry, flour mill, agrochemical, fertilizer, plastic, brewery, and bottling companies. Like most of Nigeria, Kaduna State has two distinct seasons, a dry season (November to mid-April) and wet season (April to October) [18] .
River Kaduna is one of the major rivers in Nigeria and stretches along the southern part of the state through Kakuri, where industrial and domestic wastewater is discharged into it. This aquatic ecosystem serves as the main source of water supply for Kaduna urban settlements and its various industries. The water from the river is utilized by the populace for irrigation farming during the dry season [19] .
Sample Collection
Five sites were determined in this study using criteria such as type of activities in the catchment, accessibility, downstream, upstream, and distance apart. The coordinates of the sites selected were determined and recorded using a T10 handheld GPS receiver and the stations were labeled from S1 to S5. Sediment samples and freshwater mollusks were collected using an Ekman's grab (model number 923), measuring 19 cm by 14 cm and an area of 0.0266 m 2 . Five grab hauls were sampled for each site and emptied into initially labeled zip lock bags and stored in an icebox, then transported to the laboratory for sorting and identification of snail samples. A field guide to African freshwater snails by Brown and Kristensen [20] was used for identification of the snails collected.
Determination of Metallic Pollutants (MPs)
In the laboratory, the collected sediments were freeze-dried and ground using mortar and pestle. Afterward, 0.4 g of grounded freeze-dried sediment samples were weighed and digested in an Anton-Paar PE Multiwave 3000 (microwave oven), while 8 mL of 1:1 HNO 3 :HCl was measured into a digestion vessel which was set at 200 • C and was kept for 1 h [21, 22] .
Snail samples were prepared in two different ways: one part for heavy metal analysis and the other part for the measurement of antioxidant enzyme activities. For heavy metal analysis, the snail tissues were removed from the shell, dried, and grounded. A total of 0.3 g of the grounded samples were subjected to chemical digestion by adding 6 mL and 2 mL of HNO 3 and H 2 O 2 , respectively, which was then maintained at 180 • C for 45 min. The volume of digested samples was then increased to 50 mL using ultra water, involving 18.2 ms cm −1 in a measuring cylinder. The solutions were now left to stand until the following day after a proper mixture. The solute from both digested sediment and snail tissue were filtered and transferred into glass vials, stored between 4-5 • C, and later subjected to heavy metal analysis using an Atomic absorption spectrophotometer (AAS: UNICAM 696 AA Spectrometer). A total of nine (9) heavy metals; Fe, Mn, Cu, Zn, Cd, Cr, Pb, Ni, and Co were determined in sediment and snail samples. 
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Determination of Antioxidant Enzymes Activities
Tissue samples for the determination of antioxidant enzyme activities were washed using deionized water. After washing, they were crushed inside an ice-cold mortar and pestle for the enzyme activities to be maintained using 0.01 (M) chilled phosphate buffer at pH 7 and later centrifuged for 25 min at 4 °C and 14,000 rpm [22, 23] . After centrifuging, the supernatant was used for the measurement of antioxidant enzyme activities in the LT-291 Single Beam UV-VIS spectrophotometer. 
Tissue samples for the determination of antioxidant enzyme activities were washed using deionized water. After washing, they were crushed inside an ice-cold mortar and pestle for the enzyme activities to be maintained using 0.01 (M) chilled phosphate buffer at pH 7 and later centrifuged for 25 min at 4 • C and 14,000 rpm [22, 23] . After centrifuging, the supernatant was used for the measurement of antioxidant enzyme activities in the LT-291 Single Beam UV-VIS spectrophotometer.
Determination of Catalase (CAT) Activity
Activities of Catalase (CAT) were determined according to standard methods of Chance and Maehly [24] . CAT activities in snail tissues were determined spectrophotometrically after the decrease in absorbance at 230 nm for 2 min. Afterward, 0.01 M of phosphate buffer and 30 mM of hydrogen peroxide was the content of the reaction mixture, and the enzyme extract was prepared by homogenizing the snail tissues in a phosphate buffer to be centrifuged at 14,000 rpm. The exact activity was expressed as International units (IU)/g protein. 1 IU = a change in the absorbance/min/extinction coefficient (0.021).
Determination of AChE Activity
Snail tissues were prepared by homogenizing in 0.1 M of phosphate buffer and a pH, of 7.5, and then were centrifuged at 14,000 rpm for 5 min. The supernatants were used for the determination of AChE activity using a Sigma MK113 AChE Assay Kit (Sigma Aldrich, Haverhill, UK). The recommendations of the manufacturer were used as a protocol for AChE activity determination. Initial samples prepared were diluted 40-fold in Assay Buffer. After homogenization and centrifuging, the supernatants were used for an AChE assay at 412 nm using an ELISA plate reader.
Determination of Glutathione-S-Transferase (GST)
Glutathione-S-transferase were determined at 25 • C spectrophotometrically as described by Habig et al. [25] . A total of 1 mM of 1-chloro 2,4-dinitrobenzene (CDNB), 0.1 M of potassium phosphate buffer pH 6.5, 1-40 mM GSH, and 100 µL of tissue extracts in a total volume of 1 mL were used for all forms of the medium used for the assay. GST activity was measured following the production of GS-DNB conjugate by measuring the increment of absorbance at 340 nm per min.
Sediment Pollution and Potential Ecological Risk
The Enrichment factor (EF) was used as an index to classify or reveal whether the sediment was polluted or not as described by Abrahim and Parker [26] . This was used to determine the spatial sediment quality across the stations studied in this work, and Fe was used as the reference element. The bases of classification are presented in the supplementary data sheet (Table S1 ).
The potential ecological risk index (PERI) was also used to evaluate the degree of contamination of sediments by Metallic Pollutants (MTs) as described by Hakanson [27] and expressed by the formula:
where ErF = Tr i × CF i . ErF = the Ecological risk factor, CF i = the contamination factor, and Tr i = the toxic response factor of a given pollutant i (Pb = 5, Zn = 1, Cd = 30, Cu = 5, Cr = 2, Mn = 1, and Ni = 5)
The Sediment Quality Guideline (SQG) was used as the basis of comparison of results of metals concentrations determined in this work, as proposed by Long and MacDonald [28] and MacDonald et al. [29] . The comparison was done to enhance further broad evaluation of potential risk in the study area. SQG such as the Threshold Effect Level (TEL)/Probable Effect Level (PEL) and Effect Range Low (ERL)/Effect Range Median (ERM), was used to assess the level of pollution and risk it poses in regards to heavy metal contamination. Metal concentrations within ERL or TEL imply a decrease adverse effect with low ecological risk, while high concentrations above PEL and ERM imply high ecological risk [30] .
The mean probable effect level quotient (mPELq) [30] was further used to evaluate the degree based on the probability of an occurrence for which toxic metal pollutants will have a biological impact on the ecosystem. mPELq was expressed as:
where C m = the specific metal concentration in surface sediment, PEL m = the PEL value for metal (m), and n = the total number of metals. The standards for classification were developed by Long et al. [31] ( Table S1 ).
Data Analysis
At p < 0.05 Analysis of variance (ANOVA) was used to determine the mean variation of heavy metal concentrations in sediments and snail sampled across the stations. Where significant difference existed, a post hoc test known as the Duncan Multiple Range Test (DMRT) was used to separate the means. Normality evaluation was carried out on the data before the ANOVA test, and the Shapiro-Wilk test was used for that purpose. Pearson correlation coefficients and correlation base Item Analysis (IA) was used to determine the correlation between heavy metals in sediments and snails, and between antioxidant enzymes and heavy metals concentrations in the snail. Cluster analysis was used to determine the relationship between the stations in terms of heavy metals contamination.
Statistical Package for the Social Sciences (SPSS) version 22 and Minitab version 17 Statistics Software Package were used for the analysis.
Results
Spatial Distribution of Metallic Pollutants in Sediment and Freshwater Mollusc
Metal concentrations in benthic sediment of the River Kaduna ranged from 34.54 ± 9.78 to 165.32 ± 15.69 mg/kg for Fe, 6.36 ± 0.28 to 78.98 ± 6.41 mg/kg for Mn, 1.63 ± 0.17 to 59.01 ± 0.17 mg/kg for Cu, 4.50 ± 0.45 to 61.48 ± 0.06 mg/kg for Zn, 0.96 ± 0.06 to 58.84 ± 0.45 mg/kg for Cd, 16.09 ± 3.15 to 79.20 ± 3.60 mg/kg for Cr, 39.43 ± 3.88 to 96.08 ± 3.60 mg/kg for Pb, 2.64 ± 0.86 to 60.08 ± 1.80 mg/kg for Ni and 11.42 ± 2.76 to 62.61 ± 2.31 for Co. Generally, the variation in concentrations of each metal spatially or across the stations followed the order S5 > S3 > S4 > S2 > S1 (Table 1) . Among the metals determined, Fe and Pb concentrations in the benthic sediment of River Kaduna were higher than other metals concentrations, with both maximum values recorded at station S5. (ANOVA) at p < 0.05 showed significant variation in concentrations of heavy metals in both sediments and snail tissue samples collected from different stations ( Table 2) . Table 2 . F values and corresponding p values at 95% confidence intervals for metals and antioxidant enzyme activity in freshwater mollusk after one-way analysis of variance (ANOVA). 
Fe
Enrichment Factors of MPs
MPs EFs of benthic sediments from River Kaduna are presented in This gives an order of arrangement or forms for EF across stations as S5 > S3 > S4 > S2 > S1. From the grading criteria of EF [32] , Mn is associated with moderate contamination, while extreme enrichment or contamination of sediment with Cu, Zn, Cd, Cr, Pb, Ni, and Co has occurred in River Kaduna. In terms of enrichment with space or a different location, mean EFs recorded were 90.99, 92.32, 209.00, 164.17, and 254.80 for stations S1, S2, S3, S4, and S5, respectively. This implies extreme enrichment or contamination in all stations, with the highest contamination at station S5 and the lowest at S1. 
Potential Ecological Risk Assessment of PHTEs
Potential Ecological Risk Index (PERI) of sediments sampled from the five (5) stations recorded minimum and maximum values at stations S1 (42.21) and S5 (2241.37). According to Hakanson [27] , the low potential ecological risk was observed in station S1 and S2 but not observed in stations S3, S4, and S5 with maximum potential ecological risk at S5. The PERI was in the order S5 > S3 > S4 > S2 > S1 ( Figure 2 ) which has similarities with the trend for EFs. According to the SQGs, comparisons were made for metals concentrations with TEL-PEL and ERL-ERM [28] [29] [30] to evaluate metallic ecological risks. 
Identification of Pollution Sources
The origin and migration of metals can be deduced from the correlations found among them [31, 32] . The metals without correlation between them imply they are not influenced by a common or single factor [33] . Correlation between metals in sediments and the snail was determined using Pearson correlation analysis ( Table 4 ). All the metal concentrations in sediment and snail tissue showed a significant positive correlation in most cases with each other, both in sediment and in the snail tissue.
However, Cluster analysis revealed a clear relationship between the concentrations of heavy metals under study (Figure 4) . The dendrogram generated from cluster analysis produced four clusters at a similarity level of 89.96: Cluster 1 (S1, S2, S3, S4, and S5), cluster 2 (S2, S3, S5, and S4), cluster 3 (S3 and S5) and Cluster 4 (S4, S3, and S5). Our results showed that the concentration of Cu was lower than ERL and TEL except for S3 and S4 values that were higher than TEL (Table 1) . Zn concentrations recorded lower values than ERL and TEL across all the five stations. For Cd, concentrations were all above ERL and TEL limit except for concentrations at S1 and S2, which were lower than the ERL limit. Cr recorded concentrations below TEL and ERL at S1 and S2, and even far below ERM and PEL limits in the five stations under study. Pb concentrations across the five stations were higher than TEL and ERL but lower than ERM and PEL values or limits, while Ni concentrations were above TEL and ERL limits at stations at S3, S4, and S5 but lower at S1 and S2.
However, the mean PEL quotient in this study was used to deduce estimates of the metal toxic effect following the method described by Long et al. [30] . mPEL values in our studies ranged from 0.16 (S1) to 3.46 (S5) (Figure 3 ). From the classification of predictive ability of mean PEL quotients in freshwater sediments by Long et al. [30] , S1 and S2 have 82.80% probability of being toxic while S3, S4, and S5 has 94.40% probability with the maximum score for ecotoxicological risk. 
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Biomarkers of Metal Pollution in Freshwater Mollusc
Some of the important antioxidants that are used as biomarkers of oxidative stress in freshwater organisms exposed to environmental pollutants in situ or ex situ are Catalase (CAT), Acetylcholinesterase (AChE) and Glutathione-S-transferase (GST). They can be used to track changes in freshwater mollusk anatomy and physiology in case of any environmental stress conditions by scavenging through the reactive oxygen species such as H2O2, OH, O2, etc. that are produced [34] .
In this study, antioxidant enzyme activities of CAT, AChE, and SOD are presented in Figure 5 . ANOVA at p < 0.05 revealed significant variation in the three (3) antioxidants across the five stations studied. Antioxidant activities in freshwater mollusk snails range from 4.80 to 7.95 U g −1 of protein, 11.89 to 142.75 U g −1 of protein, and 23.29 to 37.60 U g −1 of protein for CAT, AChE, and GST, respectively. The variation in the three antioxidants with space across the five stations corresponds to the trend in metal concentrations, as shown by the EFs and PERI. Correlation-based Multivariate Item Analysis (MIA) revealed a significant positive correlation (p < 0.01) between the three antioxidant enzymes with all the metals determined in this study ( Figure 6 ). 
Some of the important antioxidants that are used as biomarkers of oxidative stress in freshwater organisms exposed to environmental pollutants in situ or ex situ are Catalase (CAT), Acetylcholinesterase (AChE) and Glutathione-S-transferase (GST). They can be used to track changes in freshwater mollusk anatomy and physiology in case of any environmental stress conditions by scavenging through the reactive oxygen species such as H 2 O 2 , OH, O 2, etc. that are produced [34] .
Discussion
The high concentration of heavy metals recorded in station S5 for sediments and freshwater mollusc samples can be attributed to anthropogenic influences such as effluents and drainage from industrial activities conducted by large factories in the urban environment close to River Kaduna. This station S5 is downstream and receives additional contents from the other four stations. However, companies from industries such as the beverage, fertilizer, plastic, and textile industries are sited 
The high concentration of heavy metals recorded in station S5 for sediments and freshwater mollusc samples can be attributed to anthropogenic influences such as effluents and drainage from industrial activities conducted by large factories in the urban environment close to River Kaduna. This station S5 is downstream and receives additional contents from the other four stations. However, companies from industries such as the beverage, fertilizer, plastic, and textile industries are sited close to these stations and the river receives effluents from these same industries. Farming activities and discharge of domestic waste are also evident in this station. Domestic wastes among others are some of the important sources of heavy metals in aquatic ecosystems [22, 35, 36] . Pollution as a result of industrial and domestic sewage contributes to higher contamination from metals, especially Cd [37] .
Significant spatial variation recorded across the stations can be a result of the distance, different sources of pollution, and anthropogenic activities at the catchment of this aquatic ecosystem. Similar results were reported by Arimoro [17] on the effect of heavy metal pollutants in an ecosystem to the results reflected in deformities of invertebrates' morphology from the distributary of River Kaduna. Factors such as geomorphology can lead to the phenomenon like sedimentation and can be a key reason for variations and an increase in elemental concentrations in stations S3 and S5 [2, 22] . Our result is in line with the findings of Xu et al. [2] where they determined the spatial distribution of trace elements in a lake. They established variations in metals and how they were distributed spatially across the study sites, as well as in comparison with other sites.
The increased metals EFs at S5, S3, and S4, and extreme enrichment or contamination of sediment with Cu, Zn, Cd, Cr, Pb, Ni, and Co can occur as a result of the influence of human activities around the catchment. This also explains the high PERI at stations S5, S3, and S4 with PERI following the same order of spatial increase across the stations. Even though station S1 is located upstream with less impact from human activities, a high EF was still recorded. This can be as a result of atmospheric deposition of some of these metals and local agricultural use of chemicals by the nearby urban settlements. Deposition of metals from the atmosphere, industrial, and domestic sewage discharge from the catchment, and agrochemical inputs are some of the main pathways of anthropogenic input of metals into aquatic ecosystems [2, 38, 39] .
Cd, Cr, Cu, Ni, Zn, and some parts of the Pb pollution source can be identified or tied to deposition from the atmosphere. A sedimentary record of metal pollution from previous studies [39] [40] [41] reveals the atmosphere pollution as a factor contributing to metal pollution.
Partly consistency was evident in results from the SQG assessment. For comparisons of metals concentrations with TEL-PEL and ERL-ERM [28, 29, 31] , it was possible to evaluate the ecological risk of the metals. The stations that recorded low-range metal concentrations possess minimal adverse effects and low ecological risk, while stations that recorded high values (more than PEL and ERM) have a high ecological risk [28] . Cu concentration was higher than ERL and TEL at station S3 and therefore poses a high ecological risk at this station. Cd poses a high ecological risk in all the stations except S1 and S2 because its concentrations were higher than TEL and ERL at S3, S4, and S5. For Pb, a high ecological risk was established because its concentrations across the five stations were above TEL and ERL values. Ni poses an ecological risk only at stations S3, S4, and S5 with concentrations higher than TEL and ERL in those stations. In summary, stations S3, S4, and S5 showed a high probability of being toxic, as revealed by mPEL quotients of 94.40% each for these stations. The differences marked in the level of ecological risk in the stations and mPEL quotient for this study could be a result of anthropogenic sources and activities in the catchment, natural weathering, chemical properties, and atmospheric deposition [42, 43] .
The positive correlation between the metals both in sediment and freshwater snail can be a link to sources of these metals and or indication of bioaccumulation of these metals in the freshwater mollusk tissue [44, 45] . The freshwater snail can be used as a biomonitor of environmental pollution in freshwater ecosystems because of this strong positive correlation between heavy metals in sediments and the snail species. However, anthropogenic activities may play a key role in the variation and increase in heavy metal concentrations in the sediment and the snails [11, 44] .
Formation of different groups of clusters for clear identification and provision of the interrelationship between the stations based on concentrations of metal pollutants were established using cluster analysis [46, 47] . The clusters formed in our result individually signify the relationship between the stations contained in them as they share the same characteristics in terms of both natural activities, anthropogenic interferences, and sources [48, 49] . This implies similar shared characteristics between stations S4, S3, and S5, forming the fourth cluster at a similarity level of 89.96.
Increased activities of CAT, AChE, and SOD in station S5, as well as significant variations across the stations, could be linked to the increased level of reactive oxygen generation in snails sampled from this station. This could be due to stress caused by the level of metal contamination of S5. In a similar study, high levels of antioxidants were reported under environmental conditions with high levels of heavy metal contaminants [20] . The heavy metals combined might be causing stress to this organism, as revealed by the positive correlation between the three antioxidant enzymes activities and the metals [11, 50, 51] .
In summary, our study is the first to the best of our knowledge to reveal findings on potential ecological risk in River Kaduna using sediment quality index and biomarkers of oxidative stress caused by metal pollution in the snail.
Conclusions
In this study, the concentrations of metals such as Fe, Mn, Cu, Zn, Cd, Cr, Pb, Ni, and Co in benthic sediment of River Kaduna and tissues of snail were evaluated. Significant variation in heavy metal concentrations across the five stations existed in both sediments and snail tissues. Maximum concentrations of heavy metals were recorded in station S5 corresponding to high EFs, PERI, and antioxidants activities in the same station. According to the criteria of EF, the benthic sediment was extremely contaminated by Cu, Zn, Cd, Cr, Pb, Ni, and Co at stations S3, S4, and S5, while other metals were present with less severe levels of pollution. This was evident in the mPEL quotient of 94.40%, revealing a high probability of these three stations being toxic.
The positive correlation between the heavy metals suggests the same sources of these metals and can be attributed to the atmospheric origin, agrochemicals, textile effluent, beverage effluent, fertilizer effluent, and domestic sewage. The nature or types of industries sited on the different stations is not left out as a factor. Using the SQGs, Cu, Cd, Pb, and Ni were marked as the pollutants of priority, which pose a major ecological risk to the River Kaduna ecosystem. The high ecological risk in S3 (300 m downstream from S1), S4 (500 m downstream from S1), and S5 (700 m downstream from S1) indicates the need for periodic management of this aquatic ecosystem. Regular monitoring of the distribution of pollutants with space, their sources, and the use of bio-monitors and biomarkers of pollution can be an integral source of information to policymakers.
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